The involvement of organophosphate insecticides in cognitive disorders is supported by epidemiologic and biological evidence, but the effects of long-term exposure remain debated. We studied the association between organophosphate exposure and cognitive performance in vine workers from the PHYTONER study cohort in the Bordeaux area of France. Results from interviews of 614 subjects conducted at the 4-year follow-up between 2001 and 2003 were analyzed. Exposure to pesticides since 1950 was assessed with cumulative exposure scores for 34 organophosphates combining an historical crop-exposure pesticide matrix and field exposure studies, taking into account the characteristics of treatment (mixing, spraying, equipment cleaning) and reentry tasks. For the 11 organophosphates retained in the analysis, exposure (ever vs. never) was associated with low cognitive performance. No dose-effect relationship was found, but an increased risk was observed with a 50-mg increase in the cumulative score, which was greater with mevinphos (Benton Visual Retention Test: odds ratio = 3.26, 95% confidence interval: 1.54, 6.88; Trail Making Test, part A: odds ratio = 3.03, 95% confidence interval: 1.39, 6.62). Our results support the hypothesis that cognitive disorders observed in vine workers may be associated with exposure to specific organophosphates.
Pesticides, represented mainly by insecticides, fungicides, and herbicides, have been used from the very beginning of agriculture, but their use has quickly evolved with progress in the chemical industry in the 1950s. With about 80,000 tons per annum used in agriculture and 2.6 million active or retired farmers in 2011, France is the primary pesticide user in Europe and the fourth in the world. Chronic occupational exposure to pesticides is thought to be associated with cancers (1), reproductive effects (2) , and neurological diseases in humans (3) . Potential neurological effects include neurodegenerative diseases like Parkinson's or Alzheimer's disease, cognitive impairment, and psychiatric disorders like anxiety or depression. To date, most studies on neurological effects have focused on organophosphates, a class of insecticides widely used since the 1970s. Indeed, their effect through acetylcholinesterase inhibition has been proven to induce acute neurotoxic effects (4) . However, the long-term cognitive effects of organophosphates without previous poisoning remain debated. Three reviews concluded in favor of long-term neurobehavioral effects of pesticides (3) (4) (5) , whereas another one was more conservative (6) . Assessment of pesticide exposure appears to be a crucial limitation in most studies. Biological measurements are of limited interest in quantifying past pesticide exposure, as most of them, including organophosphates, are not persistent in the human body. Some models have been developed for registration, but they poorly document real conditions of exposure. Questionnaires have often been limited to surrogate estimates, such as farm work duration or treated acreage, that have been shown to be poor indicators (7) .
Another limitation concerns the difficulty to differentiate the role of specific chemicals because of the wide variety of pesticides, their concomitant use, and changes over time. Self-reporting of pesticide names, dates, and frequency of use is prone to recall bias and might not be exhaustive (8) . This bias is even more problematic when considering the potential role of pesticides in memory impairment. In view of these limitations, matrices or indexes that do not rely on the memory have been proposed in specific agricultural settings (9) (10) (11) (12) .
In the PHYTONER study cohort, lower cognitive performances and a worse decrease in performances have already been shown in vine workers exposed to pesticides (13, 14) . In these analyses, pesticides were considered globally. Since then, a crop-exposure pesticide matrix (PESTIMAT) has been introduced, and pesticide exposure (PESTEXPO) field studies have been completed (15) , enabling further analysis. Thus, the authors assessed the specific role of organophosphates in the occurrence of long-term cognitive disorders in the PHYTONER cohort, with specific emphasis on exposure assessment.
MATERIALS AND METHODS

Population
The design of the PHYTONER study cohort has been described in detail elsewhere (14) (Figure 1 ). Briefly, to be enrolled in 1995, subjects had to be 40-55 years of age, employed for 1,000 hours per year or more, and affiliated for 20 years or more with the health insurance agency for agricultural workers in the Gironde department in France. Subjects were initially classified as a priori exposed to pesticides if employed in vineyards in 1975 and 1995 and a priori nonexposed if working at other activities (forestry, sawmills, or agricultural cooperatives). The follow-up interview took place between 2001 and 2003.
Exposure assessment
A posteriori classification of exposure was based on detailed job calendars and answers to specific questions concerning whole-life history of treatment (mixing, spraying, and equipment cleaning) and reentry ( pruning, thinning, bending/tying up) tasks, with their detailed characteristics (dates of beginning and ending; equipment, farm, and individual characteristics).
The crop-exposure PESTIMAT was built to reconstitute pesticide use in France since 1950 in the main agricultural settings. For a given crop and a given active ingredient, annual parameters were assessed by a combination of the information from 6 sources about pesticide registration, recommendation, and use.
From 1950 to 2003, 45 organophosphates were potentially used in Bordeaux vineyards. They were grouped into 34 entities (e.g., ethyl-azinphos and methyl-azinphos grouped under the heading "azinphos"). Annual probabilities of use ( proportion of vine workers having used the organophosphate in a given year), frequency of use (number of treatments in a given year), application rates (kg/ha), and mean concentrations of the organophosphate in commercial products are presented in Table 1 . (One hectare (ha), a unit of surface or land, is the equivalent of 10,000 m 2 or 2.471 acres.)
PESTEXPO was a field study conducted to provide levels of external contamination in workers involved in treatment and reentry tasks and to identify the determinants of these levels (15) . We considered only the dermal contamination that is known as the main route of pesticide exposure under field conditions (>90%) in general (16) and also concerning treatments in vineyards specifically (17) . The PESTEXPO Figure 1 . Design of PHYTONER study, Gironde, France, 1997 France, -2003 . Questionnaire includes sociodemographic characteristics and job calendar, with specific items on pesticide use. study, which was based on observation and exposure measurements during 118 days of work in Bordeaux vineyards from 2001 to 2004, provided measurements of dermal exposure during 1 day of work. The median of these measurements for each task was used as reference values for intensity of exposure. These values were 13.62 mg of commercial product for mixing and 0.98 mL, 0.37 mL, and 2.70 mL of mixture for spraying, equipment cleaning, and reentry tasks, respectively. For treatment tasks, algorithms developed in PESTEXPO were adjusted to assign individual intensity of exposure according to relevant parameters collected in PHYTONER: educational level, height of vines and spraying equipment, and wearing gloves during mixing (refer to the Appendix). The concentration of the formulations (for mixing) and the mixture (for spraying and cleaning) were used to convert reference values into quantities of active ingredient (in milligrams).
The annual exposure to a given organophosphate was then calculated for each task as the product of the probability, the frequency, and the intensity of use. For reentry tasks, it was assumed that workers were in contact with organophosphates on vines for a 2-day period after treatment.
Finally, a lifetime dermal exposure score (in milligrams of a given organophosphate) was estimated for each subject by summing annual scores of exposure for all the tasks over the period 1950-2003. Subjects were asked whether they had a history of pesticide poisoning. Three definitions of recent exposure were used: 1) having performed a treatment or reentry task in the previous 3 months, 2) having an occupational calendar mentioning treatment or reentry tasks in the previous year, and 3) being interviewed during the main treatment period in vineyards (from May to August).
Cognitive assessment
At baseline and the 4-year follow-up, a trained psychologist administered at home 9 neuropsychological tests after having completed the general questionnaire (14) . In the present analyses, we considered the following ones: the (14) . We also used the WPAT in order to measure episodic memory, a crucial component in the course of aging, because of its association with Alzheimer clinical syndrome. As scores did not follow a normal distribution, they were considered as dichotomous variables. Two outcomes were considered: poor performance at follow-up and decreases between baseline and follow-up. A threshold to define poor performance at follow-up was determined in order to compare the 25% of subjects with the lowest performances at baseline with others. Differences between scores at follow-up and baseline made it also possible to generate a dichotomous variable that differentiated the quarter of the subjects with the greatest decreases in performance from the others.
Statistical analysis
Performances at follow-up were analyzed with multivariate logistic regressions according to organophosphate exposure, systematically controlling for age, sex, and education. We also adjusted for nationality, alcohol consumption, tobacco smoking, depression, current psychotropic drug consumption, or history of pesticide poisoning resulting in a 15% or more variation in odds ratio for pesticide exposure. Low educational level was defined as not having passed a test formerly taken at the end of elementary school. Heavy alcohol consumption was defined as usually drinking more than 21 glasses of alcoholic drinks per week for men and more than 14 for women. People who had not smoked at least 1 cigarette per day for a whole year during their lifetime were considered as nonsmokers. Depression was defined with the validated cutoff of the French version of the Center for Epidemiologic Studies-Depression (CES-D) Scale (18) .
Changes in performances since baseline were analyzed with multivariate logistic regressions according to organophosphate exposure, systematically controlling for age, sex, education, and lag time between baseline and follow-up.
Organophosphates were selected according to their cumulative lifetime exposure score distribution (maximal value: >50 mg) and not according to their toxicological reference values, as these are based mainly on acetylcholinesterase inhibition, which might not be the only mechanism involved in long-term effects (19) . Logistic models were run separately for each organophosphate, first considering risks of performing poorly (or of performance decreasing/worsening) in ever-exposed versus never-exposed subjects and then risks associated with a 50-mg increase in scores of cumulative exposure.
For performances at follow-up, sensitivity analyses were performed excluding the following: 1) subjects with recent pesticide exposure, except for demeton, which had been withdrawn in France for 5 years before the first interviews, and 2) subjects with a history of acute poisoning. To further consider the impact of educational level, sex, alcohol consumption, and age on our results and to address a possible residual confounding, we also performed analysis stratified on these factors and sensitivity analysis by adjusting on age in quartiles instead of age as a continuous variable and on educational level in 3 classes instead of the binary variable. To assess the stability of our results, we also used a cutoff of 10%.
SAS, version 9.1, software (SAS Institute, Inc., Cary, North Carolina) was used for the analysis. A 2-sided α level of 0.05 was used.
RESULTS
Population characteristics
Among the 929 subjects included in the cohort, 625 (67.3%) were interviewed at the 4-year follow-up, 614 (66.1%) of whom were included in the present analyses ( Figure 1 ). The average age was 54.8 years, 79.2% of the subjects were men, and 46.1% had a low level of education. Subjects were globally comparable to nonparticipants at follow-up (n = 304) but slightly younger (50.1 vs. 51.5 years; P < 0.01), more educated (53.9% with a high level of education vs. 43.1%; P < 0.01), and less frequently heavy drinkers (31.3% vs. 39.0%; P = 0.02). Proportions of subjects with low performances on baseline cognitive tests were globally significantly lower than those of nonparticipants (data not shown).
Exposure characteristics
A total of 171 subjects (27.9%) had never performed any pesticide treatment or reentry task, so they were classified as unexposed to pesticides including organophosphates. The 443 other subjects were classified by the matrix as possibly exposed to at least 1 organophosphate during treatment (n = 336) and/or reentry tasks (n = 414), 307 being involved in both treatment and reentry. The earliest exposure to organophosphates dated back to 1952, but more than 80% of subjects underwent their first exposure after 1960. Exposure duration averaged 31.3 years (standard deviation: 10.9 years; treatment: 26.8 years; reentry: 30.8 years). Fifty-nine subjects (13.3% of ever exposed) reported a history of pesticide poisoning. Some of them named an organophosphate (n = 3) or another pesticide (n = 28), while others could not remember the pesticide (n = 28). Among subjects ever exposed to organophosphates, 169 (41.1%) had been exposed in the previous 3 months through spraying or reentry tasks, 212 (49.3%) had been exposed during the previous year, and 225 (52.3%) were interviewed during the spraying season.
Association between exposure and sociodemographic characteristics Organophosphate-exposed subjects were more frequently men (85.1% vs. 63.7%), foreigners (16.7% vs. 3.5%), slightly older (54.8 years vs. 53.7 years), and low educated (59.8% vs. 10.5%) than were unexposed subjects, but they were comparable to nonexposed subjects regarding heavy alcohol drinking (19.5% vs. 21.4%) ( Table 2) . Subjects who had performed only reentry tasks were more frequently women (59.8%), whereas subjects who had performed treatments were mainly men (99.4%).
Exposure to organophosphates
Among the 34 organophosphate entities under consideration, 23 were not retained for further analysis (Table 1) because of their low cumulative scores. For the 11 remaining organophosphate entities (azinphos, chlorpyriphos, demeton, diethion, fenitrothion, malathion, methidathion, mevinphos, parathion, phosalone, and quinalphos), the median cumulative lifetime scores ranged from 27 to 271 mg, and maximal values ranged from 75 to 865 mg (Figure 2) . Most of the subjects (89%) were potentially exposed, but the range of the cumulative scores varied with the entity.
Association between cognitive performances and potential confounders
An increase of 1 year in age was associated with a risk of performing poorly (odds ratios (ORs) from 1.05 to 1.16 depending on the cognitive test). Men had a higher risk of poor performance on all the tests except for the Stroop Test. A low level of education was associated with a significant increase in risk on all tests. In foreigners, risks were increased but not significantly for the WPAT and Stroop Test. Heavy alcohol drinking, depressive symptoms, and psychotropic drug intake were associated with a nonsignificant increase in risk of low performance on most of the tests (data not shown). A history of pesticide poisoning was associated with low performances on all the tests except the TMT-A and significantly so for the MMSE (OR = 1.75, 95% confidence interval (CI): 1.02, 2.99) and the WPAT (OR = 1.97, 95% CI: 1.12, 3.48).
Cognitive performance at follow-up and exposure to organophosphates Subjects ever exposed to organophosphates had a higher risk of performing poorly than did nonexposed ones, a result that remained significant in multivariate analysis for all tests except the WPAT and Stroop Test with chlorpyriphos and quinalphos and for the TMT-A with methidathion ( Table 3 ).
The highest risk increases were observed for the BVRT, the TMT-A, and the MMSE (ORs from 1.90 to 2.48 for the MMSE).
The risk of performing poorly increased with cumulative scores for all organophosphates and the association was more pronounced for the BVRT and the TMT-A (Table 4) . For a 50-mg increase in the scores, the odds ratio of low performances was significant for all organophosphates and ranged from 1.10 to 3.26 for the BVRT and from 1.09 to 3.03 for the TMT-A. Associations were the strongest for mevinphos (BVRT: OR = 3.26, 95% CI: 1.54, 6.88; TMT-A: OR = 3.03, 95% CI: 1.39, 6.62), followed by methidathion, chlorpyriphos, and demeton. For MMSE, the risks increased from 4% to 72% depending on the organophosphate. This was not significant except for phosalone (P = 0.03) and fenitrothion (P = 0.04). For the Stroop Test and the WPAT, exposure scores were associated with low and nonsignificant increases in risks (from 3% to 32% for the Stroop Test and from 3% to 57% for the WPAT).
Restricting analysis for mevinphos to never poisoned or to subjects not recently exposed did not change the results (Figure 3) . No clear trend in risk was observed when quartiles of the exposure score to mevinphos were analyzed (data not shown). In analyses stratified on age, educational level, sex, and alcohol consumption, exposed subjects remained at higher risk of performing low, whatever the subgroup considered. When adjusting on age in quartiles and educational level in 3 classes, we obtained odds ratios of the same magnitude for organophosphate exposure. According to the 10% cutoff, the strength of associations with ever/never exposure appeared to be slightly lower than those obtained with the 25% cutoff for MMSE, BVRT, WPAT, and TMT-A. For the Stroop Test, the association was stronger with the 10th percentile (OR = 5.39, 95% CI: 1.55, 18.80).
Evolution of cognitive performances and organophosphate exposure
The risk of worsening between baseline and follow-up was globally increased with exposure to any organophosphate except on the TMT-A with chlorpyriphos, methidathion, and 
DISCUSSION
In the PHYTONER cohort, we observed a link between cumulative organophosphate exposure and cognitive performances that was more pronounced in tests exploring visual working memory and treatment speed and was stronger with mevinphos. The decline in performances with time was significantly greater on the MMSE in exposed subjects, although follow-up lasted only 4 years and the population was too young to expect pronounced deterioration.
A strength of the study was the prospective design with a large sample. Moreover, we had the opportunity to study farm workers who are more difficult to reach than farm owners because of migrant or seasonal work. Even though the participation rate was relatively high, the population might have been selected toward less impaired subjects, if difficulties in taking the tests were to account for the refusals. However, such a selection bias would have led to an underestimation of the associations we found. We took special care to assess cumulative lifetime organophosphate exposure. The crop-exposure matrix enabled us to assess all organophosphates registered for use in vineyards without a priori selection based on the tonnages sold or the pesticides most frequently reported by subjects. Moreover, our exposure assessment went back to the 1950s when organophosphates began to be used. The matrix enabled us to minimize recall bias in subjects likely to have memory impairment and to investigate chemical-specific dose-effect relationships. Nevertheless, systematic attribution of exposure according to crop and time period of work could have led to errors in exposure assessment at the individual level. We restricted our analysis to pesticides with the highest exposure levels but, as there is no admitted threshold for long-term Odds ratio of performing poorly on the Benton Visual Retention Test and the Trail Making Test, part A, for a 50-mg increase in cumulative lifetime exposure to mevinphos, globally and in analyses excluding ever pesticide-poisoned subjects, recently exposed subjects (during the past 3 months or during the past year), and subjects interviewed during the treatment season, PHYTONER study, France, 1997 France, -2003 . Error bars represent 95% confidence intervals. Models were adjusted on age, sex, nationality, and educational level. A, all subjects (n = 601); B, excluding subjects with a history of pesticide poisoning (n = 540); C, excluding subjects reporting an exposure in the previous 3 months (n = 432); D, excluding subjects exposed during the previous year (n = 420); E, excluding subjects interviewed during the treatment season (n = 376).
effects, we cannot completely rule out the possibility that some of the organophosphates excluded could have had an impact on cognitive functions. No clear dose-effect relationship was found between organophosphate exposure and cognitive performance: The P trend values in the quartiles of the scores among exposed subjects were not significant except for the TMT-A. This could be explained by the following: 1) a "healthy worker effect" (the most exposed and therefore most impaired subjects may have stopped performing exposed tasks because of cognitive disorders); 2) shortcomings in our cumulative lifetime index; or 3) the fact that the effects might not actually be dose dependent.
As some organophosphates were used during the same period and against the same pests, we might have partly attributed the effects of one organophosphate to another one (correlations between cumulative scores ranged from 0.54 to 0.98). It is also possible that other potential neurotoxic substances combined in a commercial product or in the mixture (e.g., other pesticides, solvents) confounded our results. However, despite these limitations, we observed differences in risks for the various organophosphates, suggesting specific toxicity and/or differences in their pharmacokinetic properties such as dermal absorption. Despite our efforts in selecting relevant organophosphates, numerous statistical tests were performed. We did not make corrections for multiple comparisons but interpreted the results in terms of their global consistency.
Most of the studies published to date on the long-term cognitive effects of pesticide exposure were cross-sectional and involved some dozens of subjects, except for 2 cohorts involving hundreds of subjects: 1) The Maastricht Aging Study in the Netherlands found a doubling in risk of performing poorly on the 3-year follow-up in subjects occupationally exposed to pesticides, but no information was provided on the pesticides involved (20) ; and 2) the Agricultural Health Study in North Carolina and Iowa found that some performances decreased in relation to cumulative lifetime days of exposure to ethoprop and malathion, but the authors concluded that there was no overall consistency because of negative associations with other organophosphates (19) . Differences in US and French agricultural settings and in the organophosphates studied (only malathion, parathion, and chlorpyriphos were involved in both studies) could also explain the discrepancies between the 2 studies.
We found the highest risks of performing poorly with the BVRT and TMT-A, which both have attentional components. In the Agricultural Health Study, a computerized version of the TMT-A and the Wechsler Digit Symbol Test, another attentional/executive test, were both affected by organophosphate exposure (21) . In a recent review on the neurobehavioral effects of organophosphate exposure, the BVRT and TMT-A were found to be associated with pesticide exposure in 5 studies (5). More globally, information processing speed/executive function tests, as well as tests having an attentional or working memory component, are those where performance was often affected.
High organophosphate exposure is known to result in not only short-term central nervous system disturbances including cognitive disorders but also chronic neuropsychological sequelae. Thus, studies concerning the long-term effects of chronic exposure to pesticides have generally selected subjects with no history of poisoning by an acetylcholinesterase inhibitor. In our study, excluding subjects with a history of pesticide poisoning did not change the results.
It has also been hypothesized that cognitive effects, if any, would be explained by recent exposure. Thus, many studies documented recent exposure through dosage of biomarkers (5). In our study, excluding subjects with potential recent organophosphate exposure did not change the results.
In studies on the cognitive effects of chronic organophosphate exposure, various exposure assessments were used: The most basic ones relied on job titles, but others attempted to rank their populations according to exposure by using the duration of farm-working (22) (23) (24) or lifetime days of spraying (21, 25) . Others developed indexes that were sometimes based on hygiene studies or on expert judgment in order to assess cumulative exposure scores (26) (27) (28) . These attempts often showed more pronounced associations in the most exposed subjects and underlined the need to take special care regarding exposure assessment. However, only 2 studies considered indirect exposure (27, 29) . However, one field study showed that indirect exposure, such as that occurring in reentry tasks, exceeded direct exposure when cumulative over a whole season or lifetime (30) .
For a given cumulative dose of organophosphate, mevinphos had the strongest impact on the risk of low cognitive performance. Mevinphos is a broad-spectrum contact and systemic insecticide used mainly on vegetables and fruits, including grapes. Some studies on the delayed effects of acute organophosphate intoxication have included subjects exposed to mevinphos (31-33) but, to our knowledge, no study to date has explored the long-term neurological effects of chronic exposure to it. Owing to its high toxicity through acetylcholinesterase inhibition, mevinphos was withdrawn in France in 2003 and earlier in other countries (34) . In our study, dermal exposure was calculated to be 1-10 mg of mevinphos per day, a level that could exceed the Acceptable Daily Intake (0.06 mg/day) when considering a dermal absorption level around 20%, as demonstrated in rats (35).
Besides acetylcholinesterase inhibition, other toxicological mechanisms such as oxidative stress, binding to enzymes of neuropeptide metabolism, and noncholinergic alteration of neurotransmission could also explain the differences in long-term cognitive effects associated with the various organophosphates (36) .
In conclusion, we observed cognitive disorders associated with specific organophosphates in a cohort of vine workers, taking into account their cumulative lifetime exposure. Our results point to the need for a detailed exposure assessment in studies on the chronic health effects of pesticide use. We demonstrate that the associations may differ between pesticides belonging to the same chemical family, and that cumulative lifetime exposure scores may be used to explore doseeffect relationships. Our results provide fresh insights into the neurobehavioral impact of organophosphate exposure in humans, by investigating the chronic effects of low-level exposure and by analyzing the role of a large number of organophosphates. Toxicological studies on the mechanisms of these effects are required focusing on the molecules demonstrating the strongest associations. Physicians should also consider the risk of cognitive impairment in subjects occupationally exposed to organophosphates, in order to assess subsequent difficulties in their daily life and to detect a possible evolution toward more severe conditions like dementia.
